Version August 12, 2014 Delta Cir is known as an O7.5 III eclipsing and spectroscopic binary with an eccentric orbit. Penny et al. discovered the presence of a third component in the IU E spectra. The eclipsing binary and the third body revolve around a common centre of gravity with a period of 1644 days in an eccentric orbit with the semimajor axis of 10 AU. We demonstrate the presence of the apsidal-line rotation with a period of ≈ 141 years, which is considerably longer than its theoretically predicted value, based on the published radii of the binary components derived from the Hipparchos H p light curve. However, our new solution of the same light curve resulted in smaller radii and a better agreement between the observed and predicted period of the apsidalline advance. There are indications that the third body is a binary. The object was resolved by VLTI with the PIONIER combiner; in June 2012 the separation was 3.78 mas, magnitude difference in the H region 1. m 75. This result means that (assuming the distance 770 pc) the inclination of the long orbit is 87.
Introduction
There are not many known eclipsing binaries having such an early spectral type as δ Cir (HD 135240, HR 5664, HIP 74778) . According to Walborn (1972) , the integrated type is O7.5 III(f); but see later. The period is 3. 
V =5.
m 05 − 5. m 20. The orbit is eccentric, so the rotation of the apside line is to be expected. Knowledge of the apse period is important, since there is only one other galactic binary of earlier spectral type with the known apsidal-line rotation period -HD 93205 (Morrell et al. 2001) , and others of similar spectral types as δ Cir, V1007 Sco (Sana et al. 2001; Mayer et al. 2008) , and HD 165052 (Ferrero et al. 2013) .
The first three radial velocities (hereafter RVs) of δ Cir were obtained at the southern station of the Lick Observatory already in the year 1915 (Campbell 1928) . Additional RVs were secured by Feast et al. (1957) , Buscombe & Kennedy (1965) , Buscombe & Kennedy (1969) , and Conti et al. (1977) . RVs and orbits for δ Cir were published by Thackeray & Emerson (1969, TE) , Stickland et al. (1993, ST93) , and Penny et al. (2001, Pe01) . The results of these studies were similar; they all found a small eccentricity of the orbit (≈ 0.06) and semiamplitude K 1 ≈ 150 km s −1 .
According to Pe01, the signature of a third body is present in the IU E spectra of δ Cir. Here we analyze the spectra from the ESO archive. The third body spectrum is present in these spectra, too. The mutual orbit of the eclipsing binary and the third body is clearly observed.
In the following, we describe the spectroscopic data we used (Sect. 2), how the RVs were measured and exploited for the orbital solutions (Sect. 3), discuss the probable elements of the third body (Sect. 4), disentangle the spectra (Sect. 5), analyze the interferometric data (Sect. 6), present the results of the light-curve solution (Sect. 7) and discuss the final results (Sect. 8).
The spectroscopic data
The spectra in the ESO archive consist of 2 UVES spectra from the years 2000 , 29 FEROS spectra from 2007 -2009 , and 95 HARPS spectra from 2009 -2012 1 . We downloaded all HARPS and most of FEROS spectra as pipeline products. We also compiled all available RV measurements from the astronomical literature 2 and whenever necessary, calculated HJDs for them. Journal of all available RVs is in Table 1 . Note 1 UVES as well as FEROS and HARPS are echelle spectrographs. UVES is used with VLT at Paranal, FEROS (Kaufer & Pasquini 1998) with the 2.2-m ESO/MPI telescope at the ESO La Silla Observatory and provides spectra in the region from 3625 to 9125Å with the resolving power of 48000. HARPS is a spectrograph connected with the 3.6-m ESO telescope, also at La Silla. Its spectral range is from 3781 to 6911Å and the resolving power is 115000. 2 Two remarks: (1) While inspecting local RV curves for the 3.9 d orbital period, we noted that two RVs derived by Buscombe & Kennedy (1965) on RJD 37043.2 and 37781.1 deviate very strongly from the RV curve. There is probably a date error: increasing both RJD for one day to 37044.2 and 37782.1 brings both RVs to agreement with the RV curve. (2) In the original paper, Feast et al. (1957) give a RV = −84 km s −1 for RJD 35252.4, while Thackeray & Emerson (1969) tabulate −88 km s −1 without any explanation. We adopted the original Feast's et al. value. that throughout this paper we use an abbreviation RJD = HJD−2400000.0 .
Analysis of radial velocities and orbital solutions
We first inspected the existing photographic RVs of the primary component. Several published photographic secondary velocities are probably rather uncertain. We also used the IU E RVs from Pe01. There are 41 IU E spectra taken over the course of 17 years. A large part, 29 of them, was obtained within ten days in September 1992. ST93 used only spectra from this short interval, and their solution of the primary RV curve has a rms = 2.3 km s −1 . Pe01 used all IU E spectra together with the Hα RVs (they obtained 18 CAT/CES spectra at the ESO La Silla Observatory and 3 spectra at the Mount Stromlo Observatory) and got rms = 8.2 km s −1 . They found a third component in the IU E spectra. We will show that the radial velocity of this third body varies; already the rms values cited above indicate that the position of the third line must vary, naturally due to the third-body motion around a common centre of gravity with the 3.9 d binary. Such an explanation of the unexpectedly large rms has already been put forward by TE. ST93 also noted that their systemic velocity differs from that derived by TE and explained the difference by the presence of a third body. Pe01 got different systemic velocities for the IUE and Hα spectra. For the primary RVs, the difference amounted to 19.6 km s −1 . Pe01 suggested that this difference might be due to the fact that the corresponding lines were formed in different layers in an expanding stellar atmosphere. However, we note that their Hα and IUE spectra were obtained in different times, so in view of the results from the ESO spectra, the true reason of the difference might well be the orbital motion in the threebody system. In the Pe01 solution, the difference, 19.6 km s −1 , was added to the Hα velocities, so we subtracted this value to use the originally measured RVs.
The ESO FEROS and HARPS spectra were always taken during rather short time intervals, every year from 2007 to 2012. The contribution of the third body to the line spectrum is obviously present in the ESO spectra, too; it is needed to fill the observed He i line profiles. In this study, the FEROS as well as HARPS spectra were smoothed to the resolution 0.06Å and rectified using the program SPEFO (Horn et al. 1996 (Horn et al. ,Škoda 1996 . We also measured their RVs using a fit with three Gaussians, and -in the second step -we applied spectral disentangling (Sect. 5).
In the He ii lines 4541 and 5411Å no traces of the secondary lines are present. Also no contribution from the third body should be there since this object is -according to Pe01 -cooler than the secondary. Therefore, we measured the primary RVs in these lines (in He ii 4686Å there is a weak contribution of the secondary). The secondary RVs were measured in the line He i 5876Å, because the separation of the secondary from the primary lines at quadratures is the best here. The secondary velocities were measured only in cases where their separation enabled a reliable Gaussian fit, i.e. close to quadratures.
The resulting RVs are listed in Table 3 . In the first 13 HARPS spectra, a strong fringing was identified by Poretti et al. (2013) . However, we succeeded to find the period and amplitude of the fringes and to remove them from the spectra.
We derived various orbital solutions from the measured RVs using the program FOTEL (Hadrava 2004a) . When a joint solution for all primary RVs from the ESO spectra of δ Cir was derived, the result was quite disappointing: large deviations were present, with rms 21 km s −1 . But when we splitted the available RVs into subsets covering short time intervals and assigned individual systemic velocity V γ to each of them (which is easy to do with FOTEL), a solution with a much lower rms was obtained. For instance, quite different V γ velocities were obtained for the FEROS spectra from 2007 and from 2008, and for the HARPS spectra from 2010 and 2011.
We therefore selected only series of spectra, which cover short time intervals and derived individual V γ velocities for them. Our selection and the results are listed in Table 3 and shown in Fig. 1 . The motion in the mutual orbit is clearly visible. Its period depends mostly on the ESO data, and it must be close to 4.5 years, with semiamplitude ≈ 24 km s −1 . These values fit the older data too, and both orbits, with the periods of 3.9 d as well as 4.5 year, can be solved. But there is also another way how to use the RVs. The program FOTEL allows to solve both orbits in a hierarchic system simultaneously, with the advantage that all RVs, not only those in the time-limited groups, can be used. The solution which includes all old and new RVs is shown in Table 4 . The RVs were weighted by weights inversely proportial to the squares of rms errors of individual datasets.
There is certainly a measurable increase of the longitude of the periastron over the time interval from the IU E spectra to the ESO spectra. However, the value obtained by TE disagrees with the trend defined by other sources. This could, of course, be related to the limited number of photographic RVs available to TE and the effects of the motion in the wide orbit.
To verify this suspicion, we split the RVs into two data sets, before RJD 43000 and more recent ones, and derived separate solutions for them modelling both orbits simultaneously. We obtained periastron argument values of ω = 133
• ± 25• for the epoch RJD 31996 and ω = 299.
• 9 ± 6.
• 4 for the epoch RJD 54286. This would imply the rate of apsidal advanceω = 0.
• 0075 per day.
We show the measured RVs in Fig. 2 . Due to the apside-line advance only RVs from a limited time interval -the RVs measured from HARPS spectra -are shown. The RVs are corrected by the systemic velocity determined for individual seasons (Table 3 ). All differences of observed and expected velocities in the third-body system are plotted in Fig. 3 .
The third body and its mutual orbit with the eclipsing binary
A relative contribution of the primary is the least pronounced in the He i line 4922Å. This gives the best chance to measure the line of the tertiary here, similarly as in the case of the secondary, i.e. near quadratures. The He i 4026Å line, although strongest among the He i lines, is not suitable for the Gaussian fitting. For the primary component, this line is blended with the He ii 4025Å line and this would lead to an incorrectly measured RV of the tertiary. The He i 4026Å line is suitable for disentangling, however, for which the line blending does not represent any problem.
The systemic velocities of the eclipsing binary (ESO data only), together with the measured RVs of the third line, are displayed in Fig. 4 . Clearly, the third line velocity varies in antiphase with the systemic velocity, confirming the mutual orbital motion of both objects. The amplitude of the RV of the third line appears to be about 2.3 times larger than the amplitude of the orbital motion of the 3.9 d binary in the long orbit as derived from its varying systemic velocity. Using the program KOREL (Hadrava 2004b) , it was possible to estimate the semiamplitude of the third-body orbit K 3 more accurately (see sect. 5 and Table 5 ).
The third body RVs shown in Fig. 4 were obtained when only a single line was considered to represent the third body. But it appears that in some cases a two-line representation of the third light is necessary. In Fig. 5 an example of such profile is given. It is usually difficult, however, to decide which option is better as the fit qualities of both -three or four Gaussians -are quite comparable. Nevertheless, a possibility that the third body is a binary exists. Besides the cases where a two-line representation is clearly better, that possibility is also indicated by the large scatter of all measurements of the third line RVs. In spite of all effort, we have not succeeded to find the period of the putative second binary. However, from the cases where a four-Gaussian fit appears superiour, we suspect that the period should be of the order of several days.
Disentangling of spectra
Although the RVs measured using Gaussians gave acceptable results, more reliable elements can be obtained via spectral disentangling. We used the program KOREL (Hadrava 2004b ; details about the application see Mayer et al. 2013 ) and applied it to three different spectral segments, containing the lines He i 4026, He i 4922, and He ii 5411Å. In the case of the He ii 5411Å line, no traces of the secondary or tertiary components were detected, so only the line of the primary was disentangled. Since the RVs which were used by the program FOTEL cover longer time interval we assumed the values of both orbital periods derived by this program (Table 4 ) when applying KOREL.
We first investigated the dependence of the sum of squares of residuals on various elements, namely the semiamplitudes and mass ratios of both recognized subsystems, keeping the orbital periods and the value of the apsidal advance of the 3.9 d orbit fixed at values obtained from the FOTEL triplestar solution. After finding the values of the semiamplitudes and mass ratios corresponding to the lowest sum of residuals in each studied region, we used them as starting values and run a number of solutions for all elements (but the periods and the apsidal advance), kicking the initial values to different directions. The solutions with the lowest sum of residuals are summarized in Table 5 and the corresponding disentangled line profiles are in Fig. 6 .
The values of the mass ratios could not, of course, be derived for the He ii 5411Å region. The equivalent widths (EWs) of several lines as measured on the disentangled spectra are listed in Table 6 .
As KOREL does not provide an estimate of the errors of the elements, Table 5 contains also the mean values of all three solutions and their rms errors. While there is a satisfactory agreement of the values of the majority of orbital elements among the three solutions, there is a striking difference in the value of the mass ratio of the outer orbit between the solution based on the He i 4026Å and on He i 4922Å lines. In our opinion, this might indicate that the third body is indeed a binary and that the line blending between the components of this pair of stars is different for the two investigated lines. This implies that before the resolution of this pair of stars, the mass ratio of the 1644 d system must be considered uncertain.
The plots of disentangled line profiles show that the secondary He i 4922Å line is asymmetric due to the blend with the O ii line 4925Å. But the tertiary line is symmetric (although originating in a component/components of similar temperature) and of different shape. As a matter of fact, its shape is a perfect sinusoid. Such a profile would result as an integration of the orbital motion in the putative second binary system. Therefore, it supports our suspicion that the third body is indeed another binary. Guided by the opinion reached when these lines were measured using Gaussians, the EW ratio of the putative second binary lines might be about 2/3, with similar mass ratio; so the theoretical curve has been calculated as a sum of two sinusoids. Apparently, also the contribution of the "secondary" represents the wings of the profile well. 
Interferometry
Independently of the spectroscopic detection, the third body was discovered by interferometry. δ Cir was observed in June 2012 (RJD 56090.554) with VLTI and the PIONIER combiner (Le Bouquin et al. 2011) ; the separation was 3.87 mas and magnitude difference 1. m 75 in the H band.
The observed separation ρ can be calculated as
(1 + e. cos ν)
With the elements of the 1644 d orbit (Table 5) , the true anomaly ν equals 150
• for the given date, and the inclination can be calculated as i = 87.
• 7. A large inclination is needed to satisfy the solution of the long orbit as it will be discussed in the next section.
7. Light-curve solution, physical elements of the system, and the apsidal advance
The light variability of δ Cir was first reported by Cousins & Stoy (1962) . However, the only published light curve (lc) of δ Cir is based on the Hipparcos H p photometry (Perryman & ESA 1997) . We noted that Thackeray & Emerson (1969) mentioned receiving unpublished Cape V photometry of δ Cir from Dr Cousins, indicative of binary eclipses. At our request, Dr David Kilkenny very kindly searched in the archival materials remaining after the late Drs Cousins and Thackeray. Regrettably, he was unable to find the original photometric observations but he did find a plot of the V magnitude vs. phase in the folder with the correspondence of Dr Thackeray. To preserve this previous piece of information, we reproduce the original plot in Fig. 7 . Assuming Thackeray & Emerson (1969) ephemeris, we were able to reconstruct the light curve and use it also along with the Hipparcos H p photometry. In doing so, we took into account the remark of Thackeray & Emerson (1969) that the Cousin's photometry covers an interval of 5000 days. We therefore assumed that the mean epoch of the photometry falls into the year 1960 and created artificially fictitious Julian dates corresponding to the phases of observations for RJDs 37000-37004.
A solution of the Hipparcos lc was derived by Pe01, but they used a program designed for circular orbits only. It can be seen in Fig. 4 of Pe01 that the observed widths of the 3.9 d binary eclipses are narrower than the calculated lc and the observed maxima are flatter. It was therefore deemed useful to obtain another light-curve solution, based on a modern program. We used the program PHOEBE (Prša & Zwitter 2005) . The projected semimajor axis a sin i and the binary mass ratio following from the mean KOREL solution were fixed in PHOEBE. Since all components of δ Cir are hot stars we fixed both the albedos and the gravity darkering coefficients equal to 1. The square-root limb darkening coefficients were used. The value of the sidereal orbital period was kept fixed from the final FOTEL solution of Table 4 . After a few trials we found that the scarsely covered eclipses cannot guarantee a unique solution; the space of possible solutions with nearly identical quality of the fit was immense. To circumwent this unpleasant situation, we simply assumed the temperatures and relative photometric radii corrsponding to the known spectral classification of the eclipsing components, and also the light contibution of the third body as found from the interferometry and fixed them in the light curve solution. The only free parameters of the solution were the epoch, longitude of the periastron passage, orbital inclination, and the relative luminosity of the primary. Keeping even the inclination of the orbit fixed from this solution, we then derived an independent solution also for the reconstructed V light curve from Cousin's observations. The results are summarized in Table 8 and the theoretical and observed light curves are compared in Fig. 8 .
One can see that the fit is very good and in this sense it confirms that the light curves do not contradict the temperatures and radii we adopted. More notably, the values of the longitude of the periastron basically confirm the rate of apsidal advance deduced from spectroscopy. It is clear, however, that a really accurate determination of the rate of apsidal advance will require a new, accurate light curve (and/or continuing spectroscopic observations). At present, no good photometry regrettably exists. The ASAS data (Pojmanski 2002) are quite noisy (as it is common for such bright stars), and only a rough time of a normal minimum can be deduced: RJD 54601.383 (according to our ephemeris, a secondary minimum should appear at RJD 54601.381). Any shift of the phase of the secondary minimum from 0.5 (as it is observed in the Hipparcos photometry) is uncertain.
Discussion and conclusions
From the elements of the mutual orbit as presented in Table 4 , the minimum mass of the eclipsing binary is 43.6 M and the mass of the third body 18.7 M . However, the total mass of the eclipsing binary (see sect. 5) is only 36 M . Therefore, K 3 is very probably smaller than 55 km s −1 ; e.g. with 51 km s −1 the minimum mass of the eclipsing binary is 36 M . Certainly the inclination has to be large, which would be in agreement with the interferometry.
The mass of the third body, as it follows from the solution of the long orbit, is large (larger than the mass of the secondary) even with the assumed K 3 = 51 km s −1 . It would agree better with the interferometric magnitude difference as well as with the spectroscopic evidence if this body is a binary.
We calculated the expected apside-line period using the evolutionary models by Claret (2004) . The theoretical period depends strongly on the radii, and with the radii derived by Pe01 (R pri = 10.2 and R sec = 6.4 R ; polar radii), the apsidal period should be ≈ 62 years (including the general relativity contribution, which is 0.
• 00247 per cycle). In order to reproduce the observed apsidal period, the radii would have to be smaller. With our radii (Table 7) , the corresponding theoretical apside-rotation period is 85 yrs, closer to but still shorter than the observed one.
The apside-line period can, of course, be affected by the third body. From theoretical considerations it is clear that the effect increases if the ratio of semimajor axis a long /a short is becoming smaller, and if the mutual inclination increases. In the case of δ Cir the ratio of axes is 66, the inclination 11.
• 8 < i < 16.
• 4 (since i long = 87.
• 7 and i short = 75.
• 9), also e 1 is small. Then the formula by Söderhjelm (1984, eq. 25 ) might give an approximate idea about the magnitude of the effect (although it is valid for e = 0, and i = 0 only). According to it, the apsidal period -due to the third body only -would be ≈ 1500 yrs. As the expected period is ≈ 100 yrs, the effect migh be only of the order of several percents, which is smaller than the present errors of theoretical estimates as well as of observational value.
Once more we repeat that a new, accurate and complete multicolor light curve is highly desirable and crucial for a reliable determination of the basic properties of the binary.
We also note that our new radius of the primary is not consistent with the radius expected for the O7.5 III classification, for which e.g. Martins et al. (2005) give R ≈ 14 R . Another classification was published by a team from the Yerkes Observatory (Hiltner et al. 1969 ): O8.5 V. Pe01 classified the primary component using IUE spectra as O7 III-V. We measured the 4471/4541 ratio as log W = +0.21 (Conti & Alschuler 1971) , the corresponding type is O 8. Therefore we suspect that the individual classification of the primary is O8 IV; such luminosity class is supported also by the He i 4143Å line when compared to a synthetic spectrum. Pe01 claimed that the primary mass of δ Cir is smaller than would correspond to the given spectral type. We got larger semiamplitudes of RVs, so now the mass is fully consistent with the value by Martins et al. (2005) .
There are several early B type stars closer than 10 arcmin to δ Cir (HD 135160, 135241, 135332), however their distances are not well known and it is not possible to suggest that δ Cir is a member of a group.
In spite of some uncertainties in the solutions of the RV and light curves, an acceptable model of the system of δ Cir is obtained. Further interferometric data are needed to see if the separation and change of the position angle follow the prediction. 37003.320 ± 0.011 ω (Cape) [deg] 185 ± 38 T min.I (Hip) [RJD] 48398.1212 ± 0.0034 ω (Hip) [deg] 256.2 ± 2.1 a Assumed. 
